A series of ortho-hydroxypyridine-4-ones were prepared in high yields and evaluated for antioxidant and iron chelating activities. N 1 -H hydroxypyridinones Va, Vb, and Ve were the best radical scavengers in DPPH free radical scavenging assay. Compound Vb was proved to be the most potent compound in hydrogen peroxide scavenging assay. All of the synthesized compounds had very close chelating ability, compounds containing N 1 -CH 3 hydroxypyridinone ring were stronger chelating agents.
INTRODUCTION
The importance of researches on the roles of free radical species in biological systems has been significantly increased in the last two decades. The production of these species in naturally occurring biological reactions is an inevitable phenomenon in aerobic metabolic processes. The presence of a singlet electron in free radicals renders them extreme reactivity which may cause severe oxidative damages to the biomolecules such as lipids, proteins and DNA (1) . Various disorders such as cancer, atherosclerosis, diabetes, alzehimer, parkinson and disease related to aging process are long term manifestations of these damages (2) . Since this kind of damages can exert irreversible adverse effects on cells, there are some antioxidant mechanisms and compounds with endogenous and exogenous origin to deactivate or neutralize these reactive species. Gluthation reductase (GSH), superoxide dismutase (SOD) and catalase are well-known enzymes built in these mechanisms. Radical scavenging compounds such as α-tocopherol, ascorbic acid, carotenoids, and natural polyphenols are some examples of exogenous antioxidant compounds. These enzymes and antioxidant compounds help the body to equilibrate the generation and neutralization of free radicals. When these defensive mechanisms become insufficient or defective, design of potent and safe antioxidant molecules seems to be necessary to hold this balance again (3, 4) . Oxidative reactions have multiple dimensions which make it possible to have different plans for designing antioxidant substances. Molecules with free radical scavenging abilities are the most-studied antioxidant agents. It is revealed that many different substances are involved in the process of free radical generation, among them metal ions with specific roles in biological reactions are especially important. Iron is the fundamental catalyst of Fenton and HaberWeiss reactions which produce the hydroxyl radical which is the most destructive free radical (5) . Substances which can chelate iron cations potentially suppress oxidative reactions to alleviate the destroying effects of free radicals. Ortho-Hydroxypyridinones comprise one of the well-known chelating moieties in medicinal chemistry. 3 Co-administration of iron chelating compounds, to prevent Fenton chemistry induced by free iron, and radical scavenging agents, to neutralize the free radicals, has been one of the strategies to control oxidative stress conditions. Prevention of post-ischemic cardiac injury using a combination of 1 ,2-dimethyl -3-hydroxypyridin -4-one (deferiprone) and antioxidant flavonoid (+) cyanidanol-3 (7) and more recently, combined treatment with deferiprone and the antioxidant idebenone in individuals with Friedreich's ataxia (8) , are some reported cases of this combination therapy. Design of compounds possessing the dual ability of iron chelation and radical scavenging has been another strategy to control oxidative conditions. Some chemical entities possess both iron chelating and antioxidant abilities. For example, the antioxidant activity of flavonoids is attributed to a combination of iron chelation and free radical scavenging activities (9) . Iron-chelating-radical-scavenging 8-hydroxyquinoline derivatives with neuroprotective properties are under investigation for neurodegenerative disorders such as Alzehimer and Parkinson disease (10) . Famous 3-hydroxypyridin-4-one derivatives (e.g. deferiprone, CP20, or CP08, Fig. 1 ) in contrast to many iron chelators lack a remarkable radical scavenging ability (11) .
There are few reports on the design of small molecules with 3(5)-hydroxypyridin-4-one scaffold to render them this dual activity. A world patent in 1999 claimed that orthohydroxypyridinone derivatives possess iron chelating and antioxidant activities. The inventors provide compounds which may be used in the treatment of oxidative stress, particularly oxidative damage to the central nervous system as neuroprotective agents (12) . In a more recent article, functionalized orthohydroxypyridinones with the desired dual activity are provided to combat neurodegeneration associated with Alzheimer's disease (13) .
Here, we report on the synthesis of some novel 5-hydroxypyridin-4-one derivatives. These compounds are chelating agents due to the presence of the ortho-hydroxypyridinone ring in their structure. All of these compounds have at least one labile hydrogen atom in the auxiliary moiety attached to the hydroxy pyridin-4-one ring. This renders them a radical scavenging ability which is greater than what is expected for the main scaffold. These compounds are evaluated as free radical scavenging and Fe 2+ chelating agents. The H 2 O 2 scavenging power of these compounds is determined as well.
MATERIALS AND METHODS

Chemistry
All chemicals used for the synthesis of the compounds were supplied by Merck or Sigma. Melting points were determined on a Mettler capillary melting point apparatus and were uncorrected. The IR spectra were recorded with a WQF-510 Ratio Recording FT-IR spectrometer as a KBr disc (γ, cm -1 ). The 1 HNMR spectra (DMSO-d 6 ) were recorded on a Bruker 400 MHz spectrometer. Chemical shifts (δ) are reported in ppm downfield from the internal standard tetramethylsilane (TMS). Electrospray mass spectra (ESI-MS) were obtained in negative and positive ion mode on a SHIMADZU LCMS-2010 EV spectrometer 
Synthesis of 5-(benzyloxy)-2-(hydroxymethyl)-4H-pyran-4-one (I)
This compound was prepared according to the instruction already published (14) .
Synthesis of 5-Benzyloxy-2-(hydroxymethyl)-pyridin-4(1H)-one (II a ) and 5-(benzyloxy)-2-(hydroxymethyl)-1-methylpyridin-4(1H)-one (II b )
These compounds were prepared according to the method reported by Ma and coworkers (15) .
Synthesis of 5-(benzyloxy)-4-oxo-1,4-dihydro pyridine -2-carbaldehyde (III a ) and 5-(Benzyloxy) -1-methyl -4-oxo -1, 4-dihydro pyridine-2-carbaldehyde (III b )
Aldehyde III a was prepared by the oxidation of compound II a using manganese dioxide as described by Becker (16) . Aldehyde General procedure for the synthesis of IV a-f derivatives 2.063 g (8.7 mmol) of III a or III b was dissolved in 30 ml chloroform and 10 ml ethanol. 8.7 mmol of the proper -NH 2 containing compound was added to this solution. The mixture was then refluxed and the progression of the reaction was monitored by TLC. The reaction was completed within 90 min. The product was filtrated off, washed with chloroform and recrystallized in methanol. The obtained crystals were dried under vacuum.
General procedure for the synthesis of V a-f derivatives 0.500 g of each of IV a-f was dissolved in 100 ml of absolute ethanol. Then 5.00 g of 10% palladium/charcoal was added. Hydrogen was bubbled into the reaction mixture using a balloon connected to the reaction vessel. The mixture was shaken vigorously at room temperature for 30-60 min. When the reaction was completed, palladium/charcoal was filtrated off and washed 3 times by ethanol. The product was crystallized from the filtrate and dried under reduced pressure (Scheme 1). 
Antioxidant evaluation DPPH free radical scavenging assay
This assay was performed according to the method described by Blois and coworkers (17) . Briefly, 4 ml of different concentrations of methanolic solution of standard or test compounds (0.4 to 0.00625 mg/ml) were added to 2 ml of DPPH methanolic solution (60 mM). The mixture was shaken vigorously and allowed to stand for 30 min, and then the absorbance of the resulting solution was measured at 517 nm using a UV/Visspectrophotometer. Scavenging of DPPH free radicals was calculated as:
where, Ac is the absorbance of the control tube (containing all reagents except the test compound), and At is the absorbance of the test tube. Ascorbic acid, gallic acid, BHT and BHA were used as standards.
Hydrogen peroxide scavenging assay
H 2 O 2 scavenging power was determined according to the method of Ruch and coworkers (18) . This method is based on the ability of a compound to convert hydrogen peroxide to water. A 40 mM solution of hydrogen peroxide was prepared in saline phosphate buffer (pH 7.4) and concentrations were determined spectrophotometrically at 230 nm. 100 µl of 0.312 mg/ml methanolic solutions of the test compounds or standards was added to 2 ml of hydrogen peroxide solution (40 mM) and the absorbance was determined at 230 nm after 20 min against a blank solution (100 µl of methanolic solutions of test compounds or standards and 2 ml of saline phosphate buffer). The hydrogen peroxide scavenging for compounds and standards was calculated using the following equation:
Where Ac is the absorbance of the control and At is the absorbance of tested compounds or standards. Ascorbic acid and gallic acid were used as standards.
Iron chelating ability
The chelating effects were determined according to the method of Dinis and coworkers (19) . 500 µl of the standard or test compounds (12.5 µg/ml) was added to 50 µl of FeCl 2 solution (2 mM). The reaction was initiated by adding 20 ml of ferrozine methanolic solution (5 mM). The mixture was shaken vigorously and left at room temperature for 10 min. The absorbance of the solution was measured spectrophotometrically at 562 nm. The chelation ability of the prepared compounds was calculated based on the inhibition of ferrozine-Fe 2+ complex formation using the following formula:
Metal chelating activity (%) = [(Ac -As)/ Ac] × 100 where, Ac is the absorbance of the control (control contained 50 µl of FeCl 2 , 20 µl of ferrozine and 500 µl of methanol), and at is the absorbance of the test compound. EDTA and gallic acid were used as controls.
RESULTS
Chemistry
5-Hydroxypyridine-4-one derivatives described here were synthesized following the synthetic routes outlined in scheme 1. Reaction of kojic acid (5-Hydroxy-2-(hydroxymethyl)-4H-pyran-4-one) with benzyl chloride resulted in the protected form of this molecule (I) which was then reacted with ammonia or methyl amine to produce the corresponding pyridin-4(1H)-one derivatives (II a,b ) . Oxidation of these alcohols with activated manganese (IV) oxide in dioxane afforded the desired aldehydes (III a,b ) . These aldehydes were prepared to be used as intermediates for the preparation of some 5-hydroxypyridine-4-one derivatives containing appropriate moieties for stabilizing the radical species which would be formed from the reaction of these compounds with free radicals. Thus, III a and III b were reacted with phenyl hydrazine, 2-aminophenol and hydroxylamine to afford the desired final compounds after debenzylation of the 5-benzyloxy group of the obtained molecules. The structures of all compounds were confirmed by FTIR, 1 HNMR and mass spectroscopy. Carbon atoms are numbered sequentially to facilitate the assignment of protons in 1 HNMR (Scheme 1). Compounds IV a-c were revealed to be as two isomers as shown in Fig. 2 . 
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5-Benzyloxy-2-[(2-hydroxyphenylimino)methyl] pyridin-4(1H)-one (IV
5-Benzyloxy-2-[(phenylaminoimino)methyl]-1-methylpyridin-4(1H)-one (IV
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5-Hydroxy -2-[(phenylaminoimino)methyl] pyridin-4(1H)-one (V a )
Yellow crystals; yield 86%; m.p. 235-236ºC; IR (KBr) cm 
5-Hydroxy-2-[(phenylaminoimino)methyl]-1-methylpyridin-4(1H)-one (V
5-Hydroxy-2-[(2-hydroxyphenylamino)methyl] pyridin-4(1H)-one (V e )
Pale yellow crystals; yield 82%; m.p. 255-256ºC; IR (KBr) cm 
5-Hydroxy -2-[(2-hydroxyphenylamino)methyl] -1-methylpyridin-4(1H)-one (V
Antioxidant evaluation
The antioxidant potential of the synthesized compounds was assessed using two different methodologies, namely DPPH free radical and hydrogen peroxide scavenging assays.
DPPH free radical scavenging assay
DPPH scavenging evaluation is a standard assay in antioxidant activity studies and offers a rapid technique for screening the radical scavenging activity of specific compounds. This is a common antioxidant assay method which determines the ability of the compound to react with a free radical to give hydrogen to it.
A freshly prepared methanolic solution of DPPH has a deep purple color with an absorption maximum at 517 nm. This color generally disappears when an antioxidant is present in the medium. Thus, antioxidant molecules can react with DPPH free radicals (by providing hydrogen atoms or by electron donation via a free radical attack on this molecule) and convert them to colorless/ bleached produ ct bleached product (20, 21) . The DPPH free radical scavenging activity of methanolic solutions of 5-hydroxy-pyridine-4-one derivatives Va-f were examined and compared in Table 1 and Fig. 3 . From analysis of Table 1 and Fig. 3 , we can conclude that compounds with no substituent at N 1 atom of the pyridinone ring (Va, Vb and Ve) exhibited more scavenging effects on DPPH radicals compared with compounds having methyl substituent on this atom. Among them compound Va (IC 50 =0.013 mg/ml) was the most potent one. Hydrogen peroxide scavenging assay The method provided by Ruch and coworkers which is based on the ability of a compound to convert hydrogen peroxide to water was used for determination of H 2 O 2 scavenging power. Hydrogen peroxide is a weak oxidizing agent capable of oxidizing the essential thiol (-SH) groups of proteins, thus inactivating a few enzymes. It rapidly passes through the cell membranes and inside the cell reacts with Fe 2+ to form hydroxyl radical which exerts several toxic effects (22) . Thus, it is advantageous for cells to control the amount of hydrogen peroxide to prevent oxidative stress conditions.
The values for hydrogen peroxide scavenging power of compounds Va-f are provided in Table 2 . It is understood from this table that Vb was the most potent compound in this assay.
Iron chelation ability
Ferrous . This property renders iron chelators effective secondary antioxidant ability (23) .
DISCUSSION
The antioxidant potency of the compounds can be explained according to the differences in their chemical structures after categorizing them in two chemical classes. Three of the synthesized compounds contain N 1 -H hydroxypyridinone ring and the other ones have a methyl group substituted on the nitrogen atom of the ring. In both antioxidant assays performed in this research, there was a dominant difference between the results for these two groups. Compounds with N 1 -H show more antioxidant potency than those with N 1 -CH 3 moiety. The proofs to explain this phenomenon can be provided considering the mechanism of DPPH free radical scavenging assay provided in Fig. 4 .
The hydrogen abstracted from R-H in Fig. 4 is a labile hydrogen and the most potent compounds in this assay (Va,b,e) possess several hydrogens of this type. A common hydrogen in these compounds is the N1-H of hydroxypyridinone ring which is absent in the less active compounds (Vc, Vd, and Vf). Compound Vb was proved to be the most potent compound in hydrogen peroxide scavenging assay. All the synthesized compounds proved to have very close chelating ability, and compounds containing N 1 -CH 3 hydroxypyridinone ring were stronger chelating agents. The reason was the inductive effect of the methyl group which pushes more electrons to the oxygen attached to the C-4 position of the ring making it a good ligand for iron chelation. The other reason is the fact that 
CONCLUSION
In sum, the ortho-hydroxypyridinones prepared in this research seem to be promising antioxidant iron chelator agents for in vitro studies of oxidative stress conditions.
